We have calculated the mechanical properties of brittle composites with spring-network (SN) model. The composites that we studied involve the transformation toughening effects and the accompanying micro-cracking. Our simulation results are consistent with experiments of MoSi2 toughened with Zr02. By monitoring the stress changes due to the transformation and micro-cracking we are able to separate, for the first time, the contributions from these two competing effects. We also found that the fracture toughness of the composite increases as the modulus, interfacial cohesion of particle increases.
INTRODUCTION
Potential high temperature structural materials such as intermetallics and ceramics suffer room temperature brittleness and have low fracture toughness [1, 2] . This low temperature brittleness prevents the wide-spread use of these materials. One way to improve the materials fracture toughness is to make use of composite tougJ.:lening, notably rry transformation toughening, crack deflection and whisker toughening. The calculation of the fracture toughness of composites has been a very difficult task [3) .
We used a "spring-network model" (SN) model [4, 5] to include the effects of microstructure, second-phase particle toughening and micro-cracking phenomena. We treat the system as a two-dimensional triangular lattice of nodes, each of which is connected to its six nearest neighbors by elastic springs. The microstructure is generated with a Potts model. Transformation of a second-phase particle is modeled by irreversibly increasing the equilibrium spring length when the mean stress on the secondphase particle exceeds a prescribed critical stress, Gc. Cracking of a bond is modeled by irreversibly cutting the-bond when the corresponding breaking length is reached. We assigned a 1% increase in the lengtfi of the springs (eT=O.Ol) connected to second phase particles upon transformation to mimic the MoSi2/Zr02 composite. The breaking length for the bulk bonds is 1.005 and for the grain boundaries and second phase particles are 1.003. We note that this choice of breaking strains ensures that there should be a mixture of trans-and intergranular fracture in polycrystals [6] . Finally, we choose a mean stress criterion for transformations with critical stresses Gcj of 0.0005, 0.0010, and 0.0015 and other values (for j equal to 1, 2 and 3, respectively) to test the effect of Gc on the enhancement of the fracture toughness. Also the second phase particles are randomly distributed in the matrix with a particle size of 1 node (labeled as Sj in the figures, where j representing composites with a transformation stress of Ocj) or cluster of 7 nodes (labeled as Lj in the figures) to study the microstructural effects on the fracture toughness.
RESULTS AND COMPARISONS WITH EXPERIMENTS AND THEORIES
In this section, we describe our method of calculating fracture toughness and present results on the increase of fracture toughness, AK1c, as a function of the dilatational strain, eT, volume fraction of particles, f, and the critical transformation stress, Oc. We then compared these results with available experimental measurements in MoSi2/Zr02 (ZTM) [7] , Al203/Zr02 (ZTA) [8] and the continuum theory [1, 8, 9] .
The local stress, OL, for composites with second phase particles is linearly related to the local stress intensity, KL. The reduction of the stress (or AK) over the block of nodes can be monitored as a function of the number of particles transformed as the strain (or stress) is applied. The increase of the fracture toughness is described by
where a is a constant that depends on the simulation cell. The a is never calculated because only ratios with pure matrix are needed. It has been shown by continuum fracture mechanics [1, 8, 9] that the increase of the, fracture toughness, AK, due to the transformation is represented by
where at is a constant, E is the modulus, v is the Poisson's ratio.
First, we held all parameters the same except the value of eT to study the dependence of AK1c on eT. We found that for eT > 0 the composite is tougher than the single phase-material so it is good for transformation strain to be large and positive if massive micro-cracking (shattering of the sample) can be avoided [10] . On the other hand, if eT is negative the composite is less tough than the matrix material because the transformed particles increase the tensile stress on the crack [10] . As shown in Fig. 1 , AK is linear in eT. Unfortunately, there has been no independent experimental studies on the linear dependence of eT. Therefore, direct comparisons with experiments are not possible at this moment. This linear dependence is consistent with the continuum results (eq. 2) .
Second, we assume all the parameters the same except f and calculated the AK as a function of the volume fraction of particles. The volume fraction dependence of AK has been shown previously by Chen et al . [4, 5] . It was found that the increase in ,z .....
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<l Fig. 1: (a) The~ is plotted as a function of dilatational transformation strain, eT.
., the fracture toughness associated with the transformation toughening is linear in f, for small and large particles (Fig. 2a) .
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We noted that the increases of the composite toughness with large particles or the particles which clusters are smaller than the composites with small particles (assuming the same Oc) . The measurement of ~ indicates a linear dependence of f of Zr02 in ZTM [7] shown in Fig. 2b is a direct confirmation of the simulation results. This calculated linear dependence is also consistent with the theory of continuum mechanics as represented by eq. (2). The third way in changing the composite fracture toughness is to modify the critical transformation stress of the particles, crc.
The change in crc can be achieved by the addition of stabilizers like in transforming Zr02 particles. The alloying of Y203 in Zr02 increases the critical transformation stress [1, 2] . We found the simulation results (Fig. 3a) are in good agreement with experiments of the MoSi2/Zr02(+ Y203) composites (Fig. 3b) [7] . A direct comparison with continuum theory (eq. 2) reveals some new features. We found that for different stress levels the ~K versus Oc curve can be broken into two regions: where ~1 and ~2 are cons~ants. For high Oc, the simulation results indicate a less toughening than the results predicted by eq. (2) . This indicates that the continuum theory is overestimating the transformation toughening effect by treating every transformation event as an independent event.
BEYOND EXISTING EXPERIMENTS & THEORIES
In Fig. 4a , we show that for kp=ki=km=l.O, the contribution to the fracture toughness from the transformation (open circle), the micro-crack (open triangle) and the total fracture toughness (solid circle) as a function of f. The contributions due to the transformations and micro-cracking are linear in f. For the microcracking part, we found that the contribution from the microcracking is 100% of the fracture toughness at f=O.O (pure matrix material) and decreases as f increases. For the composites with the largest f (0.45) studied, the micro-cracking has a negative contribution to the fracture toughness due to the extensive cracking. We further study the effect of the modulus of the transforming particles on the fracture toughness. The modulus of the particle, Ep, is proportional to the particle's force constant, kp. Therefore, the ratio of the moduli equals the ratio of corresponding force constants, e.g., Ep/Em = kp/km. As shown in Fig. 4b , the K' dependence on kp is almost linear except for the composite with the largest kp where the increase in K' starts to saturate. The composite with kp larger than the matrix has a K' larger than the one with. a smaller kp. This connection of K' with kp is easy to see by noting that the particle with larger modulus will shrink less after the relaxation. Therefore, the transformed particle puts more compressive stress on the matrix and creates a larger stress reduction or cracks shielding. Assuming the rule of mixture applies to the modulus, we can rewrite eq. (2) and eq. (3) to include explicitly the contribution from the modulus change and collective effects:
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This formula can be used as a predictive tool to select future tougheners.
In this part, we investigate the influence of the particlematrix interfacial cohesion by varying the breaking distance of the nodes, rbpm, on the fracture toughness of the composites with second-phase particles. The results indicate that the stronger the interfacial cohesion, rpm 1 is the larger the increase of the fracture toughness, ~Klc, will be (Fig. 5) . The results indicate that the transformation toughening is the dominant cause of the increase in ~Klc 1 while the micro-cracking only provides le"ss than 10% of the to~ghening when rpm is relatively large. For weak interfaces, none of the particles were transformed because high stresses can not be transferred from the matrix to the particles with cracking of the interfacial bonds. Therefore, only micro-crackings near the particles are providing the toughening at the level of 0.1 to 0.2 of the original value of Klc· The composite with a smaller rpm has a larger ~ due to microcracking but the total K' is much smaller than the one with large rpm· It has been shown [4, 5] that with the same critical stress the composite with smaller particles with linear particle to grain size ratio of Rpjg=O.l7 is tougher than the composites with large particles with Rpjg=0.46 ( Fig. 2a) . This result does not take into account of a possible change in the critical transformation stress as a function of the particle size that may existed in the real systems [11, 12] . Therefore, this result indicates clustering of particles (large particles) is detrimental to the fracture resistance of composites.
CONCLUSIONS
The simulation results on composite fracture toughness presented above using Spring-Network model are in good agreement with the available experiments and continuum theory. Using particles with characteristics like large dilatational transformation strain, large volume fraction, small transformation stress, large particle modulus, strong particle-matrix cohesion, and uniform distributions of transformable particles are beneficial in making tougher composites.
